Genomic in situ hybridization (GISH) using S genomic DNA as a probe was applied to study inheritance of blue seed color and characterize the chromosome constitution of blue-grained lines selected from derivatives of Chinese Spring (CS)ϫAgrotana, a multiple disease resistant wheat-Th. ponticum partial amphiploid line. The results showed that the expression of blue seed color in the CS-Agrotana advanced hybrid lines was always linked with a pair of translocation chromosomes derived from J and J s genomes of Th. ponticum. The blue-grained lines had 43-44 chromosomes, which included 2 J-J s ϩ2 (or 1) J s -J alien translocation chromosomes, while the red-grained lines had 41-42 chromosomes, only carried 2 J-J s translocation chromosomes. This suggested that the J s -J translocation chromosomes might carry the major gene(s) that controlled the blue grain color. Since the J-J s translocation chromosomes were always present with the J s -J translocation chromosomes in blue-grained lines, it is possible that the blue grain color resulted from an interaction between the 2 translocations. Meiotic analyses of chromosome pairing in the blue-grained lines indicated that the 2 pairs of the alien translocation chromosomes did not pair each other, nor did they pair with the wheat chromosomes. The occurrence of 2 bivalents and no alien quadrivalents in the bluegrained lines with J s -J and J-J s translocation chromosomes, demonstrated that the 2 alien chromosome translocations were not reciprocal translocations. The J-J s translocation chromosomes present in the blue-grained lines were more stable at meiosis than the J s -J translocation chromosomes. The J s -J chromosomes were easily lost, resulting in an instability in grain color that could change from light blue to red. Our results determined the molecular cytogenetic characteristics and inheritance of the alien translocation chromosomes present in the blue-grained lines carrying resistance genes to common root rot. This study further confirmed that the chromosome translocations among the J s and J genome were responsible for blue grain color.
yellow dwarf virus (BYDV) from Thinopyrum intermedium (Host) Barkworth and Dewey (Banks et al. 1995 , Chen et al. 1998a , wheat streak mosaic virus and the wheat cure mite (Aceria tosichella Keifer) derived from Th. ponticum (Podp.) Barkworth (syn. Agropyron elongatum (Host) Beauv.) (Chen et al. 1998b (Chen et al. , d, 1999 .
Common root rot, caused primarily by Cochliobolus sativus (Ito and Kurib) Drechs. ex Dastur, is one of the most prevalent root diseases of wheat on the Canadian prairies (Ledingham et al. 1973 , Harding 1978 . Since most of the wheat cultivars currently grown in western Canada are only moderately resistant (Conner et al. 1989) , the development of resistant cultivars is the most economical and effective way to control common root rot (McKenzie and Atkinson 1968 , Wildermuth 1974 , Harding 1978 . Several Triticeae species have been proven to be valuable sources of root rot resistance for wheat (Mujeeb-kazi et al. 1983 , Bailey et al. 1993 . Conner et al. (1989) showed that Agrotana, a partial amphiploid derived from T. aestivumϫTh. ponticum, carried a high level of resistance to root rot compared with other exotic lines and common wheat cultivars. Several studies have identified Agrotana as a vast reservoir of resistance to take-all (Gaeumannomyces graminis var. tritici (Sacc.) von Arx et Olivier), stem rust (Puccinia graminis Pers. f. sp. tritici Eriks. et Henn.), wheat streak mosaic virus (WSMV) and its vector the wheat curl mite (WCM) (Whelan 1983 , Chen et al. 1998c , 1999 .
However, Agrotana is agronomically unsuitable for commercial use because of its partial amphiploid genomic composition (Conner et al. 1989 . In order to eliminate the chromosomes that are not responsible for resistance, a number of advanced lines have been developed from crosses involving Agrotana since the late 1980s. Evaluations of reaction to common root rot among different progeny lines demonstrated that the resistance to root rot in lines carrying blue grain color was comparable to Agrotana and better than that of lines with red grain color (Li et al. 2003) . This suggests that the blue grain trait is associated with resistance to common root rot in these lines. However, previous studies concluded that the gene for blue grain color was not linked to gene (s) for common root rot resistance (Conner et al. 1989 ). Thus, more detailed molecular cytogenetic characterization and genetic study of blue grain color are necessary to investigate the association of the blue grain color with chromosome composition in these wheat-Agrotana hybrids.
Genomic in situ hybridization (GISH) has been recently developed as an accurate, visual technology to distinguish the genomic composition and chromosome origins of wheat-alien hybrids (Le et al. 1989 , Jiang and Gill 1994 , 1998b , d, Fedak et al. 2000 . GISH also has been used to identify segments of introgressed alien chromosomes in wheat and to analyze homoeologous chromosome pairing and intergenomic translocations in plant species , King et al. 1994 , Chen et al. 1999 . The recent discovery of the J s genome in Th. ponticum (2nϭ10xϭ70, JJJJJJJ s J s J s J s genomes) and Th. intermedium (2nϭ6xϭ42, JJJ s J s SS genomes) with the GISH technology provides a more precise determination of the origins of chromosomes and chromosome translocation in wheat-Thinopyrum hybrids (Chen et al. 1998b , c, Fedak et al. 2000 , Tang et al. 2000 . A detailed molecular cytogenetic and genetic study on blue grain color is reported in this paper. The objectives of this study were (i) to investigate the genetic relationships of blue grain color and a pair of specific alien translocation chromosomes present in wheat-Agrotana hybrids, and (ii) to identify the genomic composition and chromosome pairing of the blue-grained lines to identify the translocation chromosomes carrying genes for the blue grain trait.
Material and methods
The twenty-one F 11 wheat-Agrotana advanced lines carrying different grain color used for molecular cytogenetic and genetic analysis are listed in Table 1 . These lines were originally developed from Chinese Spring (CS)ϫAgrotana hybrids in the late 1980s at Lethbridge Research Centre for resistance to common root rot. Most of the lines with blue grain color generally have root rot ratings similar to Agrotana and lower than lines with red grain color (Li et al. 2003) . In 2002, F 12 lines were selected based on their grain color, chromosome number and root rot severity for further evaluation of their genomic constitutions, chromosome pairing, and segregation for the grain color.
Chromosome preparations of the CSϫAgrotana derived lines were carried out using the procedure described by Chen et al. (1995) . The numbers of chromosomes at mitotic metaphase were counted in the root tip cells of 10 plants of each line, using 3 cells from each root tip. To analyze chromosome pairing, anthers at metaphase I (MI) of meiosis was fixed in 1 : 3 acetic acid -ethanol for 2-3 weeks at 4°C. The fixed anthers were squashed with a needle in 45% acetic acid, and then selected slides were stored at Ϫ75°C until they were used for GISH analysis.
The GISH technique was used to analyze the genomic constitutions and chromosome pairing at the mitotic and meiotic stages. Total genomic DNA were extracted from Pseudoroegneria strigosa P. S. (M. Bieb) A. Löve (2nϭ14) as a source of the S genome and labelled as a probe with biotin-14-dATP by nick translation. Unlabelled ABD genomic DNA of CS (AABBDD genomes, 2nϭ42) was used as the blocking DNA. The genomic DNA probe was mixed in a 1 : 20 ratio with non-labelled wheat blocking DNA to distinguish the J and J s genome chromosomes from the wheat ABD chromosomes in the hybrids. Details of the procedures used for DNA isolation, probe labelling and the detection of hybridization signal by fluorescein isothiocyanate (FITC)-Avidin DN were described by Chen et al. (1999) . The detection of fluorescence signals was conducted using an Olympus BX51 microscope. With an appropriate filter combination under the microscope, the chromosomes that hybridized with the biotin-labelled probe and conjugated with FITC-avidin DN displayed green-yellow signals, while PI stained chromosomes appeared red.
Results

Chromosome composition and segregation of grain color in the translocation lines of CS-Agrotana hybrids
The mitotic chromosomes in the root tip cells of the CSϫAgrotana hybrids were analyzed by GISH using S genomic DNA of Ps. strigosa as the probe, in the presence of the ABD genomic DNA of CS as a block. The J s and J genome chromosomes could be clearly distinguished based on their fluorescence staining patterns (Chen et al. 1998c ). The J s genome chromosomes displayed a strong green-yellow centromeric signal, while the J genome chromosomes showed a dispersed, weak signal along the whole chromosome. Comparatively, the wheat chromosomes showed the deep red counterstain of propidium iodide (PI) along their entire length. Using this technique, it was easy to discriminate the J s and J genome chromosomes from the wheat chromosomes in CSϫAgrotana hybrids.
Analysis of the CSϫAgrotana F 11 and F 12 hybrids using GISH revealed that 4 translocation chromosomes involving 2 alien chromosomes derived from Th. ponticum were present in the bluegrained lines ( Table 1) . Two of them were J s -J subcentromeric chromosomes, which consisted of one arm of a J s genome chromosome and a similar sized arm of a J genome chromosome. Another 2 were J-J s subtelocentric chromosomes, which were composed of a longer arm of a J genome chromosome and a shorter arm of a J s chromosome (Fig. 1a ). The light blue-grained plants, regardless of the seed color of the lines from which they were isolated, only had 2 J-J s ϩ1 J s -J alien translocation chromosomes (Fig. 1b) . Comparatively, the red-grained plants only possessed 2 J-J s alien translocation chromosomes (Fig. 1c ). The two F 11 lines 54-40-2-4-25 and 54-40-2-5-30 were identified as red-grained color lines with 2 J-J s ϩ1 J s -J alien translocation chromosomes. While another red-grained line 54-41-1-4-7 had an additional two J s chromosomes based on their enhanced centromeric signals.
Segregation for grain color and the chromosome composition were examined in the F 11 and F 12 lines of the CS -Agrotana hybrids (Table 1) . Of the 11 blue-grained lines, 7 uniformly produced I  II  III  IV  I  II  III  IV  II   54 blue-grained F 12 progenies that had 44 chromosomes consisting of the same foreign chromosome composition as the F 11 lines. While 3 lines segregated producing 2-10% light blue-grained plants, which carried 42-43 chromosomes with one J s -J translocation chromosome missing. The line 54-40-2-4-11 segregated producing 45% red-grained plants carrying 41-42 chromosomes, in which the 2 J s -J translocation chromosomes were lost. Most of the red-grained F 11 lines, which had 41-42 chromosomes including 2 J-J s translocation chromosomes, did not segregate for seed color. However, 2 red grained lines, namely 54-40-2-4-25 and 54-40-2-5-30, segregated producing 2-7% light blue-grained plants, but most of the other plants were red grain color. The segregation for grain color in these 2 lines was similar to that in the 2 light blue-grained lines 54-40-2-4-2 and 54-40-2-4-13. GISH analysis indicated these 2 lines carried 2 J-J s ϩ1 J s -J translocation chromosomes. This indicated that, even though the lines 54-40-2-4-25 and 54-40-2-5-30 were previously labelled as red in seed color, they had the same foreign chromosome composition as the light blue-grained lines. The chromosome composition of 2 J-J s ϩ1 J s -J translocation chromosomes led to the segregation for grain color in the progeny of these 2 red seed lines.
Chromosome pairing in the CS-Agrotana hybrids
Six F 12 CSϫAgrotana advanced lines carrying 2, 3 or 4 alien translocated chromosomes were further analyzed for chromosome pairing at MI of meiosis by GISH. Chromosome pairing patterns in the translocation lines with different grain color were characterized by univalent, bivalent and quadrivalent formations (Table 2 ). Corresponding to the GISH signals detected in the mitotic cells of the same hybrid plants, the 4 alien chromosomes in the blue-grained plants 54-40-2-5-24 and 54-40-2-5-3 paired to form 2 bivalents, and the quadrivalents present in some MI cells of line 54-40-2-5-24 only involved wheat chromosomes (Fig. 1d ). This indicated that the 2 J-J s ϩ2 J s -J translocation chromosomes occurred in the blue-grained plants did not pair each other, nor did they pair with wheat chromosomes. Consequently, these results provided direct cytogenetic evidence that the alien translocation chromosomes in the lines selected for blue grain color were non-reciprocal translocation chromosomes. This was further confirmed by the configurations of chromosome pairing in the light blue-grained plants from lines 54-40-2-4-2, 54-40-2-4-13, 54-40-2-4-25, 54-40-2-5-30, 54-40-2-5-3 and in the red-grained plants of lines 54-40-2-4-2, 54-40-2-4-25. The 2 J-J s translocation chromosomes carried by the light blue plants paired to form 1 bivalent. While the single J s -J chromosome in the light blue plants did not pair with any chromosome and formed as a univalent, although a wheat univalent was present in some meiotic cells of line 54-40-2-4-2 ( Fig. 1e ). For the red-grained plants, the 2 J-J s chromosomes formed a bivalent and were not involved in the quadrivalents observed in line 54-40-2-4-25 ( Fig. 1f ).
Discussion
The presence of a phenotypic marker to identify a specific chromosome has obvious advantages in wheat breeding and cytogenetic studies (Whelan 1988) . Blue kernel color is such a useful genetic marker in wheat, but it has potential problems. The blue aleurone trait is usually associated with reduced agronomic performance such as low yield and fertility (Soliman and Qualset 1984) . For this reason, the translocation of a chromosome segment containing the gene(s) for blue aleurone trait has the potential to establish a linkage of blue phenotype with useful agronomic traits. Zhensheng et al. (1986) developed a blue-grained chromosome substitution line through the replacement of wheat chromosome 4D by a homoeologous chromosome from Th. ponticum. They suggested that if the trait of blue seed color could be translocated to each of the 21 wheat chromosomes, blue grain color could be used as a marker in chromosome substitution studies.
Blue-grained lines were developed in our laboratory through a wheat-Agrotana cross. Most of these lines had root rot ratings similar to those of Agrotana and were more resistant than some lines with red grain color (Li et al. 2003) . This indicated the blue kernel trait was somehow linked with root rot resistance. The blue pigments of the blue-grained lines and their reaction to common root rot were inherited from Agrotana, and these traits are believed to be controlled by 2 genes located on 2 different chromosomes that originated from Th. ponticum (Zeven 1991) . Using GISH technique, Chen et al. (1995 Chen et al. ( , 1999 concluded that the 16 alien chromosomes present in Agrotana were composed of 8 J s and 8 J genome chromosomes from Th. ponticum, and no wheat-alien translocations were observed. Chromosomal rearrangement might be responsible for a new linkage between blue grain color and common root rot resistance in the CS-Agrotana derivatives. In a recent study, it was observed that the presence of the J s -J alien translocation chromosomes appeared to improve common root rot resistance in the blue-grained CS-Agrotana hybrids (Li et al. 2003) . This indicates that genes for blue grain color and common root rot resistance might all be located on the J s -J translocation chromosomes. The J s genome chromosomes, which were identified in Th. ponticum and Th. intermedium, are a very valuable source of genes for resistance to different diseases and mites, such as wheat streak mosaic virus, the WCM (Friebe et al. 1991 , Chen et al. 1998b , 1999 , and barley yellow dwarf virus (Tang et al. 2000 , Zhang et al. 2001 . Further study on the specific origin of the Th. ponticum chromosomes carrying root rot resistance genes may improve our understanding of the association between the genes controlling the blue grain trait and disease resistance derived from Th. ponticum in these blue-grained lines.
Genetic analyses of grain color in the wheat-Agrotana advanced lines confirm that the bluegrained lines that had 43-44 chromosomes always were associated with the presence of 2 J-J s ϩ2 (or 1) J s -J alien translocation chromosomes, while the red-grained lines had 41-42 chromosomes and only carried 2 J-J s translocation chromosomes. This suggested that the J s -J translocation chromosomes carried the gene(s) for blue grain color. Since the J-J s translocation chromosomes were always present with the J s -J translocation chromosomes in blue-grained lines, it is possible that an interaction of genes on the 2 translocated chromosomes might have been responsible for the blue grain color. Although Zeven (1991) reported that Ba gene located on a homoeologous group 4 chromosome of wheat was responsible for the expression of blue aleurone, but Piech and Evans (1979) concluded that the expression of the Ba was influenced by the R gene (red pericarp). Moreover, the Ba gene shows a clear dosage effect , and the dosage effect was revealed by the color that ranged from blue, light blue to non-blue (or red) as shown in our study. So, plants derived from blue grains may be unstable for grain color producing some grains that are light blue or red (Table  1) . This instability could be due to an irregular distribution of the chromosome or fragment derivatives carrying Ba during meiosis (Zeven 1991) . In present study, the 2 lines 54-40-2-4-25 and 54-40-2-5-30 that were originally identified as red-grained lines segregated producing a small percentage of light blue colored kernels (Table 1) . This segregation for seed color in these red-grained lines must have been due to the presence of one J s -J translocation chromosome. The GISH analysis confirmed that the 2 red-grained lines carried 2 J-J s and 1 J s -J translocation chromosomes (Table 1) . However, seed with a single copy of the gene for blue pigmentation have a light blue color, which is difficult to distinguish and sometimes may be misclassified as red-grained plants (Knott 1958, Keppenne and Baenziger 1990 ). An interaction between 2 alien chromosomes from different chromosome groups in Th. ponticum was shown to be responsible for the improved resistance to WSMV (Stoddard et al. 1987) .
Meiotic analyses of chromosome pairing in the blue-grained lines indicated that the alien translocation chromosomes did not pair each other, nor did they pair with wheat chromosomes. The two J-J s translocation chromosomes in all the blue and red plants paired to form 1 bivalent, and the single J s -J chromosome in the light blue plants did not pair with any chromosome so formed only as a univalent. The occurrence of 2 bivalents and no quadrivalents in the blue-grained lines with J s -J and J-J s translocation chromosomes, demonstrated that the two alien chromosome translocations were not reciprocal translocation, but derived from independent chromosomes of Th. ponticum. The interactions between these two J s -J and J-J s translocation chromosomes might involve multiple genes for resistance to root rot. Multiple genes were reported to control common root rot resistance, which were inherited as a partially dominant or recessive trait in certain wheat cultivars (Bailey et al. 1988, Larson and Atkinson 1981) .
Analyses of the segregation of grain color and chromosome composition indicated that the J-J s translocation chromosomes in the blue-grained lines were more stable during meiosis than the J s -J translocation chromosomes. The J s -J chromosomes were easily lost, which led to the instability in blue grain color and resulted in grains that were light blue or red. The alien chromosome composition of these wheat-Agrotana advanced lines controlled segregation in grain color from blue to light blue and red. However, based on the results of the present study, it is still unclear whether the gene (s) affecting blue pigment are located on the J s -J translocation chromosome or the blue seed color is controlled by an interaction of gene (s) that are located on both of the J s -J and J-J s translocation chromosomes. This could be determined by obtaining blue-grained lines with only a single pair of translocation chromosomes. Use of a cross between CS wheat and blue-grained plants with a pair of J s -J and a pair of J-J s translocation chromosomes, followed by self-pollination of the blue grain color F 1 plants may produce blue-grained lines with only one pair of J s -J translocation chromosomes. Further studies on this subject will elucidate the exact chromosomal location of the blue pigment gene(s).
